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ABSTRACT

In the future, data fromthe Mderate Resol ution | nagi ng
Spectroradi oneter (MODIS) will be enployed to map snow in an
automated environment at a resolution of 250 mto 1 km Using
Landsat Thenmatic Mapper (TM data, an al gorithm SNOVAP, has been
devel oped to map snowcovered area. This algorithmw || be used,
with appropriate nodification for differing spectral bands, etc.,
with MODIS data follow ng the launch of the first Earth Gbserving
System (ECS) platformin 1998. SNOVAP has been shown to be
successful in mapping snowin a variety of areas using TM dat a.
However, significant errors may be present in nountai nous areas
due to effects of topography. To increase the accuracy of napping
gl obal snow covered area in the future using MODI S data, digital

el evation nodel (DEM data have been registered to TM data for
parts of d acier National Park, Mntana so that snow cover on
nmount ai n sl opes can be mapped. In this paper, we show that the
use of DEM data registered to TM data increases the accuracy of
mappi ng snow covered area. Using SNOVAP on a subscene within the
14 March 1991 TM scene of northwestern Montana, 215 knR of snowis
mapped when TM data are used alone to nap the snow cover. W show
t hat about 1062 knR of snow are actually present as nmeasured when
the TM and DEM data are regi stered. Approximately 5 times nore
snow i s present when the effects of topography are considered for
this subscene, which is in a rugged area in d acier National Park.
A sinple model has been devel oped to determ ne the rel ationship
between terrain relief and the anount of correction that mnust be
applied to map actual snow covered area in d acier National Park
using satellite data al one.



| nt roducti on

Snow cover has been mapped at the hem spheric scale for
climatol ogi cal studies (e.g. Matson and Wesnet 1981; Matson and
ot hers 1986; Chang and others 1987), and at the river-basin scale
for operational needs (Carroll 1990; Rango 1993). Not only is the
anount of snow cover inportant, but the distribution of snow at
different elevations is inportant to vegetation distribution and
animal habitats (Al len and Wal sh 1993). It is also necessary to
know t he el evation of snow cover for areas that rely on snow as a
freshwat er source, because snownelt at higher elevations is
del ayed, relative to snowrelt at | ower elevations, thus affecting
the timng of runoff.

The advent of the Earth Cbserving System (ECS) Mderate
Resol ution I magi ng Spectroradi oneter (MODI'S) sensor, to be flown
on-board the ECS platform beginning in 1998, will permt
aut omat ed mappi ng of gl obal snow covered area from space and
det erm nati on of snowpack energy-bal ance conponents. The MOD S
sensor (Sal ononson and Toll 1991) shoul d enabl e i nproved nmappi ng
of gl obal snow cover relative to what is available today. This is
because the MODIS will have 36 spectral bands and spatia
resolution ranging from250 mto 1 km

Current efforts are concerned with the devel opnent and
testing of an algorithmthat will be usable with MODIS data in the
future, and determ nation of errors associated with snow nmappi ng
using themati c mapper (TM data as a surrogate for MODI S data
(Hall and others in press). TMdata are currently being used to
devel op the prototype al gorithm because the TM sensor has spectra
bands in approxinmately the sane | ocations as sonme bands on the
future MDD S sensor.

In this paper we focus on Landsat TM and digital elevation
nodel (DEM data of d acier National Park, Mntana, US A In
d aci er National Park, the topography is so rugged that only sone
of the snow cover is accounted for when using conventi onal
satellite data alone to nmap snow cover. This is because nuch of
t he snow on nountai n sl opes cannot be mapped using satellite data
al one because certain geonetric characteristics are sacrificed
when a 3-di nensional geoid is projected onto a 2-di mensi onal nap
surf ace.

Efforts to nmap snow cover by el evation zone using a
conbi nation of satellite and DEM data have been successful and
result in determnation of percent snow cover by el evation zone
(Carroll 1990). For this study, we calculate the actual anount of
snow (in kn2 instead of percent of area covered) in a Landsat TM
scene covering dacier National Park, and discuss the errors
caused by topography that are inherent in satellite snow nappi ng.
Actual snow cover in kn2 may be used for inclusion into
physi cal | y- based hydrol ogi cal and fl ood-forecast nodel s that
require actual surface area of snow cover rather than percent
snow covered area. The technique reported herein is a very sinple
way to map actual snow covered area in nountainous regions and
applies not only to snow cover mapping, but to mapping all surface
covers by renote sensing in nountal hous areas.



Backgr ound

A record of snow cover has been acquired since 1966 using
NOAA Advanced Very H gh Resol ution Radi onreter (AVHRR) and
predecessor instrunents (Matson and Wesnet, 1981). Snow nmaps of
the Northern Hem sphere are produced weekly, but production of the
maps is not fully automated at this tine, requiring an analyst to
del i neat e snow cover nanual |y (Matson and ot hers 1986; Matson
1991; Robi nson and ot hers 1993) before the maps are digitized.
This record will be continued with the AVHRR sensor on the NOAA-K
satellite to be launched in 1996. The NOAA-K sensor will have a
1.6 mnmmband that will facilitate snow cloud discrimnation - a
difficult, if not inpossible task, using current and previous
AVHRR sensors.

The National Qperational Hydrol ogic Renote Sensing Center
(NOHRSC) of the National Wather Service enploys both airborne and
satellite data to produce real time and weekly snow cover products
for North America during the snow nappi ng season. Regi onal snhow
products, with 1-kmresol ution, are produced operationally in
about 4000 drai nage basins in North Anerica (Carroll 1990; Rango
1993). The Landsat nultispectral scanner (MSS) and TMdata, with
80-m and 30-mresol ution, respectively, are useful for measurenent
of snow covered area over drainage basins and thus for use in
snownel t-runof f nodels to predict snowelt (Rango and Marti nec
1982). The NOHRSC snow cover data are nmapped by el evation zone,
as percent of snow cover of the basin.

O her work has enpl oyed DEM data of  aci er National Park
to study the effects of snow on vegetati on and ani nal habitats.
Al en and Wl sh (1993) used digital elevation nodel (DEM and
Landsat nultispectral scanner (MSS) data to study the dynam cs of
snow cover in different elevation zones. The spatial pattern and
t enmporal persistence of snow at different el evation zones was
found to i nfluence vegetation grow h.

Study Area

d acier National Park is |ocated in northwestern Mntana.
The terrain is rugged with sone nountai n peaks havi ng el evati ons
>3000 m The nmountains within the park are part of the Rocky
Mountain cordillera. Mich of the park is heavily forested with
t he predom nant tree species in the area being evergreens (fir,
pi ne and spruce). The Continental Divide runs in approximately a
north-south direction through the park. The climate is generally
harsher and drier east of the Continental D vide as conpared to
west of the Continental D vide.

About 50 gl aci ers and many permanent snow fields exist in
the park. Snow covers high nountain areas 8-10 nonths of the year
and nuch of the rest of the park for about 6 nonths of the year.

Dat a and Techni ques
The Landsat TM scene (i.d. #5256917454) from 14 March 1991

(Fig. 1) is used for this study. DEMdata with a spatia
resolution of 30 mand 1-m(+/-15 m increnments in elevation are



al so used. The DEM data, acquired fromthe U S. Geol ogi ca
Survey, were received as tapes of individual 7.5 X 7.5-m nute
scal e topographi c sheets. Individual segnments of the DEM data
were then digitally "stitched" together, providing coverage of
much of the park. The DEM data were digitally registered to the
TM data; the TMdata represent the 'nmaster' or base map

Using an algorithmwe call SNOVAP, the snow covered area
in the 14 March 1991 TM scene was mapped. A normalized difference
snow i ndex (NDSI) is the basis for the algorithm (R ggs and ot hers
1994; Hall and others in press). The NDSI uses reflectances
cal cul ated from TM bands 2 and 5 as shown bel ow, where TM band 2
(0.52-0.60 nm is in the visible part of the spectrum and TM band
5 (1.55-1.75 nm) is in the short-wave infrared part of the
spectrum (Dozi er 1989).

NDSI = (TM2-TMB) / ( TMR+TNG) [1]

In order to determ ne the surface area covered after the
DEM data were registered to the TMdata, a programon the Silicon
G aphics Inc. (SA@) workstation, Easi-Pace, was utilized. This
programis called the Pace Terrain Anal ysis Package, and a
description may be found in the PCl User's Manual Version 5.2
(PCl, 1993). Only the areas determ ned by SNOVAP to be snow
covered were nmapped as snow.

During the week of 10 March 1991, field nmeasurenents were
acquired in dacier National Park and an aircraft overflight was
flown in support of a related study which was conducted to neasure
snow refl ectance on the ground and fromaircraft and satellite
platfornms (Hall and others 1993). Measurenents and observati ons
were al so made of snow cover and depth during the fiel d-study
peri od.

Resul ts

Fi el d observations reveal ed that the entire area west of
the Continental D vide was snow covered on and during at |east the
five days prior to and including 14 March 1991. 1In a neadow on
the western side of the park, the average snow depth was about 78
cm The area to the east of the Continental Divide in d acier
Nati onal Park was generally covered with thin snow, but there were
patches of snowfree ground. 1In a flat area on the eastern side
of the park, the average snow depth was about 11 cm

The SNOVAP al gorithmwas applied to the TM scene; results
showed that 34 percent of the scene (or, 10,670 kn2 out of 31, 688
knm2) was snow covered. Actually, there was considerably nore snow
cover present than was mapped because of several factors. Snow
exi sts on the flanks of the nmountains; the true snow extent on
these sl opes cannot be mapped effectlvely unl ess topography is
known. This is discussed in the next section and is the main
topic of this paper. Additionally, dense forests cover nuch of
t he park, and though snow was present beneath the trees according
to field observations, nuch of this snowis not napped because the
dense forests nmasked out a signal fromthe underlying snow (Hall
and others in press). Snowis not napped beneath the cl ouds and



in the deepest cloud and nountai n shadows (though snow i s nmapped
in many cloud and nountain shadows on this scene).

Corrections for topographic effects. To avoid the confusion of
partially snow covered areas, we focus this study on the area west
of the Continental D vide which was fully snow covered. However
the fractional snow covered area could be conputed if the area
were not conpletely snow covered. Figure 2a shows a subscene from
the 14 March 1991 TM scene of an area near and including part of
Lake McDonald, the largest |ake in 3 acier National Park. Figure
2b shows results of the SNOVAP algorithmas applied to the area
shown in 2a. The area has a topographic range of 2120 m To
illustrate the fact that there is considerable snow cover on the
mount ai n sl opes, Figure 3 shows a 10 tines exaggeration of the
area shown in Figure 2a after the DEM data were regi stered to the
TM dat a.

The anount of snow cover mapped in the subscene was 215
kn2, before the DEM data were registered to the TMdata. After
the TM and DEM data were registered, the total snow covered area
was found to be 1062 knR. A nost 5 tinmes nore snow i s neasured on
the TMDEMregi stered data of this area as conpared to when the TM
data are used alone. This is because snow on the slopes of the
mount ai ns i s accounted for when DEM and TM data are regi stered.
Errors due to obscuration of snow cover by forests and clouds are
not accounted for.

Topogr aphic Correction Mddel. A sinple nodel has been devel oped
to describe the ruggedness of the topography of the 14 March 1991
TM scene so that such information can be used to calculate a
correction factor which may be applied when using TM data al one to
map snow in other parts of the scene in which DEM data are not
avai | abl e.

First, arelationship is established between topographic
relief and the anount of correction necessary to adjust the TM
derived results for the effects of topography in nountainous
terrain for determnation of a nore accurate snow covered area.
The ratio of the actual snow covered area, Aa (as determ ned using
the TM and DEM data together), to the area derived using TM data
alone, AL, is used to calculate a correction factor, C, for each
grid cell,

C= A/ A [2]

To establish the relationship, 60 areas or grid cells,
were selected fromall parts of the TM scene in which DEM dat a
were registered. Each of these grid cells is 32.49 kn2 in area
(200 X 200 TM pi xels). C was cal cul ated or each of the 60 grid
cells. Avrelationship was then established between C and an i ndex
of topographic relief, R which is determned by taking the
di fference between the highest and | owest el evations wi thin each
of the 60 areas. R represents an approxinmation of the relief



within each area. For the study area the follow ng |inear
rel ati onshi p was establ i shed,

C= 0.00381 R- 2.08786 [ 3]

where 900 m< R < 1900 m

Using this information, the actual snow covered area can
be determi ned with an accuracy of +/- 0.4, for any area within the
scene whether or not it is registered to the DEMas | ong as R can
be determ ned from a topographi c nap.

Estimate of Actual Snow Cover. |In order to calculate a

t opogr aphic correction factor for a 974 knR subscene in d acier
National Park (Fig. 5), the subscene was first divided into 30
grid cells. For each grid cell, C was cal culated according to
Eq.[3]. The actual area for the subscene was cal cul ated by:

30
Aa = AL * C [ 4]
i =1
and, for the area shown in Figure 5 the actual snow covered area

was 2967 knR. Thus there was actually about 3.05 tines the anount
of snow in the subscene than was mapped usi ng TM data al one.

Theoretical Exanple. Theoretically, the surface area of a regul ar
pyram d can be determ ned and conpared to its base alone to
denonstrate how nmuch greater the surface area of a regular pyramd
is, conpared to the area of its base. To calculate the |ateral or
surface area of a regular pyramd, ALat, the follow ng equation is
used:

ALat = 1/2 nal [ 5]

where n is the nunber of sides of the base, ais the length of one
side of the base, and | is the slant height of the pyramd. W
chose an exanple that is realistic in terns of the relief in our
study area: the theoretical area has a relief of 604 m with a
base of 10 TM pi xel s per side (an area of 81,225 n2 for the base
of the pyramd). The slant height is 621 m and ALat is 353,970
m2. The ratio of the lateral area of the regular pyramd to the
area of the base of the regular pyramd is 4.36. Figure 6 is a
schematic diagram (not drawn to scale) which illustrates this
concept .

Errors. Errors are inherent in any nmethod of neasuring actual
snow covered area renotely. There are errors in the algorithm
used to neasure snow cover (see Riggs et al. 1994 and Hall et al
in press), primarily due to clouds and the inability to map snow



cover in densely-forested areas.

The additional errors inherent in the calcul ation of
actual snow covered area using DEM data registered to TMdata are
due to several factors. The registration of the DEMdata to the
TM data rmay not be exact especially if there are few 'control
points,' i.e. stable tie points in commobn between the two data
sets. This is a potential source of error. The accuracy of the
DEMis another factor that could introduce error as is the
accuracy of the program (Pace Terrain Anal ysis Package) used in
calculating surface area. Nevertheless, results appear to be
realistic in terns of the terrain of @ acier National Park, as
evi denced by the theoretical exanple shown above.

D scussi on and Concl usi on

In this paper we have discussed one of the major sources
of error encountered in mappi ng actual snow covered area froma 14
March 1991 TM scene in northwestern Mntana.

The mappi ng of snow cover on nountain slopes using TM data al one
i ntroduces a significant error, underestimating the anmount of
actual snow covered area mapped by nore than 5 tinmes for the

hi ghest-relief areas within the TM scene.

A sinpl e nodel has been devel oped to describe the
rel ati onshi p between topographic relief and the correction needed
to determ ne actual snow covered area for the 14 March 1991 TM
scene. A correction factor may be applied to neasurenents using
TM data alone in order to account for snow cover on nountain
slopes. The linear relationship that has been established is
valid for only the TM scene used in this analysis; a new
rel ati onship would need to be established in order to use this
nodel in another area.

Future refinenents to this nodel include use of average
sl ope instead of an index of topographic releif. This may permt
a universally-applicable correction factor to be determ ned.

Thi s techni que for mapping surface area using DEM dat a,
registered to satellite data, is applicable to non-snow covered
areas as well. It sinply allows one to account for the relief of
the terrain when doing cal cul ati ons of surface area coverage.

Anot her obvi ous application of this nodel is in forest-cover
mappi ng.

In the future, the accuracy of the gl obal snow cover
products, produced using MDD S data, will be inproved using
techniques simlar to those described herein. The |arge
di fference in snow covered area napped, in some nountai nous
regi ons, using TMdata al one versus using DEM data regi stered to
TMdata, illustrates the inportance of enploying a DEM gl obal ly.

A nodel simlar to the one shown herein may be used in
basi ns for which accurate prediction of runoff is crucial for
apportionment of water resources. Wile snowis currently nmapped
by el evation zone in key basins, which allows one to calcul ate
percent of snow covered area, (Carroll 1990), our rmethod
represents a very sinple, alternative way to measure actual snow
covered area or percentage of snowcovered area. |In the future as
nore DEM dat a becone avail abl e, techni ques such as this will be



pertinent to any nunber of other applications as well as the
measur enent of snow covered area.
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Fi gures

1

Landsat thematic mapper (band 2 (0.52-0.60 un)) scene
(i.d.#5256917454) from 14 March 1991 covering

nort hwest ern Montana including @ acier National Park.
The | argest |ake in the park, Lake McDonald (at arrow),
can be seen in the south-central part of this scene.

a. Landsat fal se-col or sub-scene show ng part of

Lake McDonald (at arrow) and surroundi ng area.

b. Sanme area as shown in 2a, but after SNOVAP was

run to map the snow. Note that the forested areas

to the east of Lake McDonal d were snow covered accordi ng
to field neasurenents, but snow was not detected by

t he al gorithm

Sane area as shown in Figure 2a, but after the digital
el evati on nodel (DEM data were registered to the TM
data. Snow on the nmountain slopes is visible;
exaggeration is 10: 1.

Rel ati onshi p between topographic relief in each 200 X 200
pi xel (32.49 knR) test area, and correction factor used
to correct TMdata for topographic effects.

Contour lines froma 974 knR2 area within G acier
Nati onal Park, Montana in which digital elevation
data were registered to Landsat TM dat a.

Schemati ¢ showi ng a theoretical exanple of the difference
in surface area of the base of a regular pyramd as
conpared to the the lateral area of a regular pyram d;

"a" is the length of one side of the base and "I" is the
slant height of the pyramd. An exanple is taken froma
sanple area in dacier National Park, Mntana, where the
relief was 604 mand the base of the pyramd was (285)2.



